Neutral particle lithography (NPL) is a high resolution, proximity exposure technique where a broad beam of energetic neutral atoms floods a stencil mask and transmitted beamlets transfer the mask pattern to resist on a substrate. It preserves the advantages of ion beam lithography, including extremely large depth-of-field, sub-5 nm resist scattering, and the near absence of diffraction, yet is intrinsically immune to charge-related artefacts including line-edge roughness and pattern placement errors due to charge accumulation on the mask and substrate. This paper reviews the principles of NPL, surveys recent advances in the field and discusses applications involving insulating substrates, large proximity gaps or ultra-small features where the approach has particular advantages.
Introduction
Lithography, the process of transferring an image of a master pattern into a working resist, has provided the foundation for advances in integrated circuit technology for the past half-century; soon, it will enable chips with over 2 billion transistors [1] . This has been accomplished by relentlessly shrinking the wavelength of the exposing radiation from visible light in the early years to the deep ultra-violet photons of today. This paradigm of reducing wavelength may continue with electrons [2] , light ions [3] and extreme ultraviolet [4] or it may shift to imprinting techniques [5] [6] [7] [8] .
Beyond the semiconductor roadmap [9] is the domain of nanoscale integrated systems, based perhaps on magnetic, quantum-dot, nanotube or molecular devices [10] [11] [12] [13] , that could support a new generation of information processing systems, and the expansion of global productivity [14] , far beyond the semiconductor era. A variety of innovative approaches, including nanoimprint, dip-pen lithography and guided self-assembly, is being evaluated for prototyping and manufacturing at this molecular or near-molecular scale.
While the semiconductor industry has traditionally relied on demagnifying projection optics to reduce the cost of mask fabrication, the increasing use of sub-resolution features to control diffraction has led to the gradual acceptance of nondemagnifying (1X) systems, such as nanoimprint lithography, and a re-evaluation of older 1X technologies. Of these, x-ray, electron and ion beam proximity lithography, only ions have the extremely small diffraction needed for molecularlevel printing. Ion beam proximity lithography (IBL) is a 1X technique where a broad, collimated beam of energetic light ions (e.g. 10-100 keV Li + [15] , H + [16] and He + [17] ) floods a stencil mask and the transmitted beamlets transfer the mask pattern to resist on a substrate. Very high throughput is possible since, unlike focused beam techniques, all of the mask elements are printed simultaneously. Resolution, discussed in detail below, is limited by the penumbra or partial shadow cast by a source of finite size, diffraction, scattering of ions in the resist and the spreading of secondary electrons away from a primary ion track. Mask features as small as 12 nm have been printed in resist with 2 nm fidelity [18] .
Nanoscale resolution and the potential for high throughput make IBL a promising approach for nanomanufacturing. This has been explored in pilot programs involving patterned magnetic recording media [19] , high-frequency surface acoustic wave filters [20] , integrated circuits on spherical substrates [21] and metal mesh optical components [22] . There are, however, a number of important potential applications, involving ultra-small features, large proximity gaps and/or insulating substrates, where the displacement of ion trajectories by ambient magnetic fields or the build-up of charge on the mask and/or substrate results in serious artefacts. These artefacts can be simply and completely eliminated by neutralizing the ions just after they are extracted from the source. This technique, neutral particle lithography (NPL), is the subject of this review paper.
Concepts in proximity lithography
Proximity lithography is a shadow printing technique where a binary mask containing clear and opaque regions is illuminated by a source of photons or other particles and transmitted particles expose resist on a substrate, as shown in figure 1. For point source illumination, figure 2(a), the edges of the shadows are perfectly sharp. For an extended source, however, the regions of dark shadow, the umbra, are surrounded by a penumbra of partial darkness. For visible light or ultra-violet photons, the mask may consist of a chromium pattern on a glass plate. For x-rays, a gold absorber on a silicon membrane can suffice. A membrane with open transmission windows is required for massive particles such as electrons, ions or atoms. Figure 3 shows a source with a Gaussian emission profile with standard deviation σ S a distance L from the mask. The blurred current distribution on the substrate is a complementary error function with standard deviation σ P = σ S G/L, where G is the gap between the mask and the substrate. The aerial image of any feature in the mask is the convolution of a Gaussian distribution with standard deviation σ S with the ideal, point source image. The full-width-at-half-maximum (FWHM) blur is 2.36σ P . Figure 4 shows the normalized printed dose distribution for a 10 nm wide line in the mask for blurs of 1, 3, 5 and 8.5 nm. As dose increases, the developed linewidth corresponds to the regions of the aerial image where the dose exceeds the threshold, or critical dose, of the resist. Linewidth is equal to that in the mask when the dose is twice the critical dose. Lower and higher dose yields narrower and wider lines, respectively. Figure 5 shows the corresponding dependence of linewidth on dose (normalized by the critical dose). The linewidth for a large, 7-fold, overexposure factor decreases from 18 nm when blur is 85% of the nominal linewidth (as typical in manufacturing lithography) to about 11 nm for 1 nm blur. Clearly, the dose control required to achieve the nominal linewidth becomes increasingly more stringent as blur increases. Exposure latitude, defined as the change in dose corresponding to a 10% change in linewidth, is a measure of process reliability. The source size of the current IBL system at the University of Houston is 0.4 mm (FWHM) and L = 10 m. Thus, lithographic blur is 4 nm/100 µm of the proximity gap. Near-field, or Fresnel, diffraction can limit resolution in proximity lithography. The Fresnel number of a mask feature, defined as F = a 2 /λg, where a is the feature size, λ is the wavelength of the exposing radiation and g is the mask-to-wafer proximity gap, provides a qualitative means for comparing diffraction conditions in different proximity lithography tools. The resolution limit is usually taken to be F = k 2 1 , where k 1 ranges from 0.6 for isolated features to 0.8 for dense line-space patterns [23] . A recent paper provides an informative example of diffraction in optical proximity lithography [24] . Figure 6 shows a sequence of experimental resist profiles for a 4 µm line/space pattern printed with a 350-450 nm broadband light source for proximity gaps of 1, 5, 30 and 50 µm. The Fresnel numbers have been added for reference. In this case, the proximity gap is taken to be the distance between the resist surface and the mask. The resist is thick enough in these features that the Fresnel number is significantly different at the resist/substrate interface. Also shown in the figure are the corresponding light intensity distributions at the resist surface and the substrate interface. The high fidelity pattern for small proximity gaps, <1 µm, becomes more triangular as the gap increases toward the resolution limit, F = 0.8 for a 50 µm gap. At the same time, the high frequency content of the intensity distribution decays towards the two-humped far-field distribution. The conclusion from this example is that high quality images require a much higher Fresnel number than is usually taken for the resolution limit; F = 40 seems to be near the boundary for diffractionfree imaging. The De Broglie wavelength for 30 keV He + ions is 8.3 × 10 −5 nm and F = 40 for 4 nm features with a 5 µm proximity gap. The technology for printing with such small proximity gaps has been demonstrated for x-ray lithography [25] . The resolution limit, F = 0.6, is 0.5 nm.
The extremely small penumbra and diffractive blur in ion beam proximity lithography enable many applications requiring a high depth-of-field that are impossible with any other technique.
Ion scattering in resist
The intrinsic advantages of light ions over electrons are the significantly smaller beam spreading as it passes through resist and the absence of a proximity effect due to resist exposure by backscattered particles [26, 27] . A TRIM [28] simulation of the spreading of a point source of He + and H + ions in PMMA resist is shown in figure 7 for incident energies of 10, 30 and 50 keV. At 30 keV, the width of the beam at the substrate interface for a 60 nm thick resist layer is about 3.5 nm (FWHM) for He + ions but only 1.5 nm for H + . The width of the exposed region in the resist would be somewhat wider due to the range of internally generated secondary electrons.
Masks and mask contrast in IBL
The stencil masks required for IBL are membranes with etched open windows. Both silicon and silicon-rich silicon nitride [16] membranes have been used. As with x-ray lithography, however, silicon became the dominant technology because the rapid and continuously evolving technology of single crystal silicon substrates provided the uniform thickness and stress control required to control the distortion caused by the relaxation of membrane stress when the windows are etched. Early membranes used a high dose boron diffusion as a KOH etch stop [15] . Later, n-type, phosphorous-doped membranes were developed using an electrochemical etch stop [29] . Most recently, silicon-on-insulator technology has provided B-doped, large area, low stress membranes on 200 mm wafers [3] . The implantation of lithography ions can significantly change the membrane stress after just a few resist exposures; high doses lead to severe crystal damage and blistering, as shown in figure 8 for a 0.38 C cm −2 dose of 10 keV helium ions [30] . The development of low stress, ion absorbing coatings to protect the silicon mask substrate [31, 32] was a major milestone in the development of ion projection lithography. The finest features have been fabricated by magnetically enhanced reactive ion etching in a molecular bromine plasma [33] . Figure 9 (a) shows a 50 nm wide slot in a 1 µm thick silicon mask [34] ; (b) shows a dense field of 40 nm wide structures. The particles that are incident on the nominally opaque regions of a stencil mask can scatter into the open windows and escape, exposing a wide area of the substrate (figure 10) [35, 36] . Since these particles can lose much of their initial energy in the mask, the scattered particle exposure is concentrated near the resist surface. This additional background exposure dose results in a degradation of image contrast and a corresponding decrease in exposure latitude. If this dose is high enough, it can result in the thinning of positive tone resists and the formation of a skin on the surface of negative tone resists. As the pattern density increases there is a proportional decrease in contrast as more open windows generate more scattered particles. The only way to increase mask contrast is by increasing the thickness to recapture more of the scattered particles. As the pitch of the mask pattern decreases below about 250 nm, those laterally scattered particles which had previously been stopped within the mask begin to escape from adjacent open windows, resulting in an additional component of background exposure that worsens as the mask pattern density increases. In these high density applications it is necessary to build up the pattern on the wafer from the superposition of multiple exposures of one or more stencil masks [3, 20] . A very useful example of multiple exposures of a single mask is aperture array lithography (AAL) [37] which uses a template mask with a sparse periodic array Reprinted with permission from [37] .
of stencil openings to write every unit cell in a large area array simultaneously. The in-fill process can be accomplished by using an electrostatic deflector to incline the ion beam relative to the mask. Figure 11 shows how this inclination results in offset exposures on the wafer. We have shown that dense arrays of 45 nm features can be printed with an effective background dose of only 14% of the primary ion dose [36] . This contrast should prove adequate for a robust exposure process.
The generation of energetic neutral particles by charge transfer scattering
The creation of neutral particles in ion beam instruments is a well-known phenomenon caused by charge transfer scattering between the primary ion beam and the background of thermal atoms or molecules. The neutralization of fast He + ions by thermal helium atoms is shown schematically in figure 12 . The reaction is represented as follows:
The change in internal energy, or energy deficit, E is zero for these symmetric, or resonant, reactions [38] , and the kinetic energy of an energetic neutral helium atom is equal to that of the parent ion. Even in non-resonant cases, the kinetic energy loss is very small (e.g. 0.1-2.0 eV) compared with the beam energies (10-100 keV) used for lithography. Moreover, as shown in figure 13 for 5 keV He + on He, the differential scattering cross-section is very sharply peaked in the forward direction of the laboratory coordinate system [39] . The angular distribution of the scattered particles should be even smaller for the higher energy particles in lithography, but small angle data is not available. Thus, to a first approximation, examined in more detail below, charge transfer scattering neutralizes the ions without changing either their energy or direction. This implies, in particular, that the virtual source size, hence lithographic blur, of the neutral particle beam can, as shown below, be the same as for the beam of parent ions.
We use a differentially pumped high pressure cell to enhance and localize neutral particle production in the University of Houston system (figure 14). Typically, He + ions are injected into the cell with a kinetic energy of 30 keV by a duoplasmatron ion source. The cell is 5.6 cm long and 10 cm from the extraction electrode of the ion source. An electrostatic deflector removes the ions from the mixed beam as it leaves the cell, thereby creating a pure beam of neutral particles for lithography. A second deflector near the exposure chamber removes ions that may be generated by the inverse charge transfer process between the first deflector and the exposure chamber. Figure 15 shows the exposure time of PMMA resist versus the nominal cell pressure [40] . It is likely that the nominal pressure, which is monitored upstream of the charge transfer cell, is significantly higher than the true pressure in the cell. Exposure time decreases with increasing cell pressure reaching 200 s for a nominal cell pressure of 100 mTorr. Ultimately, multiple scattering, which increases the source size, limits the minimum exposure time that can be achieved.
It is important to localize the charge transfer region for two reasons; first, the scattering angles are defined relative to the tangents of the ion trajectories which are curving in the earth's magnetic field. A short cell minimizes the rotation of the tangent lines, thus reducing the effective diameter of the neutral particle source. The second reason is that the virtual neutral source is obtained by projecting the trajectories of scattered particles backwards to a point where the beam waist, the virtual source, is minimized. The beam waist is minimized if the cell is short and located near the ion source ( figure 16 ). Measurements of lithographic blur show that the diameter (0.4 mm) of the neutral particle source is equal to that of the ion source for a nominal cell pressure of 100 mTorr. Thus, the effects of multiple scattering events and non-local charge transfer neutralization are negligible with this cell design. A complete analysis of these effects requires MonteCarlo simulation. It is technically much simpler to create a pure neutral particle beam than a pure beam of ions. There are two reasons; one is a result of the physics of charge transfer scattering. Figure 17 shows the energy dependence of the total cross-sections for the neutralization of energetic helium ions, σ 10 , and the creation of a positive ion from a neutral, σ 01 [41] . Once a 30 keV He + ion beam is neutralized (and the surviving ions discarded) the fraction of contaminating ions at the exposure chamber is about five times smaller than the fraction of neutral particles that would contaminate the ion beam assuming the same background pressure. The second reason is that discarding the ions for NPL requires a simple electrostatic parallel plate deflector. Removing the neutral particles from an ion beam, however, requires that the ion beam be bent away from the neutral beam without degrading the source size. This is typically done [42] with a sector magnet [43] . Two such deflectors might be needed, one just after the source and one just before the exposure chamber, if an extremely pure ion beam were required. In practice, this asymmetry may argue for the use of neutral particles instead of ions.
Space and fusion plasma diagnostics
Energetic neutral particles provide a remote diagnostic tool for understanding the mass, energy and orientation of ionic populations in magnetically confined space and fusion plasmas. As discussed above, the neutral particles mirror the properties of the parent ions; however, being neutral they are free to travel through the plasma and beyond, completely unaffected by electromagnetic forces. Satellite images of distant plasma objects can be reconstructed from measurements of neutral atom energies and fluxes taken from different orientations. The interested reader is referred to Gruntman's comprehensive review of energetic neutral atom (ENA) imaging of space plasmas [44] and the review of charge transfer scattering data for interpreting these images by Lindsay and Stebbings [38] .
The equivalence of ion and neutral particle interactions with the mask and resist
Scattering and energy loss in the mask or resist is the same for neutral particles as for their parent ions. This is because the steady state charge distribution of particle beams in solids is reached just a few angstroms below the surface [44] . At this point, any memory of the initial charge state of the particles is completely lost. This implies that the discussion of ion scattering in masks and resists above for ions applies equally to neutral atoms.
An experiment was carried out to test the equivalence of ion and neutral resist exposure processes.
First, poly(methylmethacrylate) (PMMA) resist was exposed with 30 keV He + ions and developed for 30 s in a 3 : 1 mixture of isopropanol and methylisobutylketone. Figure 18 shows the resist thickness (normalized to that of unexposed resist) after development as a function of dose. The ion dose was measured with a Faraday cup and an ammeter. Then the thickness of resist remaining after 30 keV helium atom exposure was measured as a function of exposure time. The neutral particle flux density was set equal to the ion flux density at the point where 35% of the resist was removed. The corresponding curve is also shown in the figure. The remarkable agreement between the two curves for all the dose values is due to the equivalence of ion and atom resist exposure. This curve is routinely used for measuring neutral atom flux in our laboratory.
Neutral particle lithography

Immunity to ambient magnetic fields: ghosts
The presence of neutral particle contamination in an ion beam creates ghosts in the printed pattern because the ion beam Figure 19 . (a) The printed patterns due to ion and neutral particle exposure are offset on the substrate due to the curving of only the ion trajectories in the earth's magnetic field. (b) An ion beam image in PMMA resist at eight times the critical dose. There are two overlapping images of a brickwork, one due to the neutral particle contamination of the beam and another due to ions. curves in the magnetic field of the earth but the neutral particle trajectories are perfectly straight. The difference in inclination of the two beams causes the shadows cast by the mask to be offset on the wafer, as shown in figure 19(a) . While the exposure dose can be chosen to discriminate against the ghost image in a single ion exposure, most realistic patterns require multiple exposures and the neutral particle dose builds up until it exceeds the minimum, or critical, dose required to expose the resist. Neutral particle contamination is a killer for ion beam AAL. Shown in (b) is a double image of a brickwork pattern, exposed at eight times the critical dose, due to this effect. Neutral beam lithography provides a simple solution to this problem. Figure 20(a) shows a silicon stencil mask with 0.25 µm lines and spaces; (b) shows the neutral particle resist image without any ghosting. As with the ion exposure, the image was formed with eight times the critical dose. However, ion contamination of the neutral beam is much less than neutral contamination of the ion beam for the reasons discussed above. 
Mask Resist Source
Immunity to substrate charging: lithography on insulating substrates
NPL was originally developed, as part of a larger ion projection lithography program [3] , to study the distortion of large area stencil masks during ion exposure. These masks were fabricated with a 4 × 4 cm 2 pattern area in a 3 µm thick silicon membrane, 12 cm in diameter. Figure 21 (a) shows a metallization pattern in a mask with 0.7 µm minimum feature size [40] . The plan was to copy the masks using IBL onto photomask plates with the same ion energy, 10 keV, as in the projector then under development. The distortion of the pattern on the photomask plates would then be measured with the standard metrology tools used for optical projection masks. We used a tri-layer resist scheme to amplify the rather thin (∼0.1 µm thick) resist layers that could be accurately exposed with 10 keV ions. The resist stack is shown in (b). The resist coating supplied on the photomask plate would be hard baked at 120
• C, then coated with a 50 nm thick SiO 2 pattern-transfer layer and a 100 nm thick film of PMMA resist. After exposure and development, the PMMA pattern would be transferred into the SiO 2 by reactive ion etching in a CHF 3 plasma (CHF 3 -RIE) and, subsequently, into the hard baked photoresist by O 2 -RIE. However, after IBL exposure, the lines in PMMA resist had unusable, micrometre-scale line-edge roughness (LER), as shown in (c). Because this large-scale roughness was entirely absent on conducting substrates with the same PMMA thickness, it was clear that the problem was that the ion range was too short to reach the chromium layer where the implanted charge could be conducted away [45] . One option at this point was to use a conducting film to prevent substrate charging. A simpler approach emerged, however, by sweeping the ions out of the beam with electrostatic deflectors. A neutral particle contamination, constituting about 10% of the ion flux, however, was unaffected by deflectors and exposed the resist, free of charge, although with a significantly longer exposure time. LER was entirely absent in the resulting images, shown in (d). Referring again to (a), implanted ions create an isolated, non-uniform charge distribution within about 170 nm (the range of the ions or neutral particles) of the surface. This charge build-up causes severe distortion of the ion beamlets during exposure. Secondary electron emission should create a similar charge distribution during neutral particle exposures, but they are immune to this charge. Thus, the use of neutral particles instead of ions to copy the stencil masks provided a simple and complete solution to the charging problem of IBL on these insulating substrates.
Immunity to mask charging: the fundamental challenge
While these mask charging artefacts in IBL are often imperceptible, there are at least two important applications where they create unpredictable and fatal defects. The first includes large depth-of-field applications such as the fabrication of sensors and electronics over the steep topography of micromachined silicon wafers [18] .
The second is the fabrication of ultra-small, deep sub-100 nm features for integrated nanosystems as discussed in the introduction. However, unlike substrate charging, ions deflected by mask charging will result in resist exposure that is laterally displaced by an amount proportional to the proximity gap.
To clearly identify these mask charging artefacts, 30 keV ion and neutral particle exposures were performed at large proximity gaps on a conducting silicon substrate with a 100 nm thick layer of PMMA and a nominally conducting 1.0 µm thick silicon mask with a 3.6 × 3.6 cm 2 pattern area [40] . Since the resist is thin and its surface is discharged to the substrate by particle-induced conductivity, there are no artefacts due to substrate charging. The NPL images are shown in figures 22(a) and (b) for proximity gaps of 80 µm and 1.13 mm, respectively. Despite the large variation in the gap, the two images appear remarkably similar and have nearly identical values of LER, as measured along a 1 µm long edge centred on the arrows in (a). However, in the IBL images, (c) and (d), with proximity gaps of 0.60 mm and 1.13 mm, an additional component of excess LER is readily apparent, increasing by 8.1 and 15.6 nm (3σ ), respectively, relative to that of (a). Figure 23 shows excess LER versus the proximity gap. Clearly, excess LER is proportional to the proximity gap and due to deflection of the beamlets as they pass through this mask. The qualitative similarity between the roughness in the ion images suggests that specific sites on the mask are charging, even though many are too small to be resolved in the neutral particle image. Clearly, eliminating these insulating regions would require a considerable development effort. Even if the mask were initially conducting, polymeric contamination during use would shorten its useful life as an ion mask. NPL, on the other hand, is immune to the presence of insulating regions in the mask.
Mask charging artefacts can also be seen when printing nanoscale structures with a small proximity gap. Figure 24 shows a 100×400 nm fish-shaped defect in a 500 nm wide line in a 3.0 µm thick silicon mask with a 0.6 µm thick diamond like carbon (DLC) ion absorbing layer. A 2 nm thick iridium coating was applied to prevent gross charging of the DLC. The mask was printed with 30 keV He + ions and neutrals in 50 nm thick PMMA over 20 nm thick thermal oxide on a silicon substrate. There should be sufficient particle-induced conductivity to prevent substrate charging. Exposures were carried out at twice the critical dose with a 20 µm proximity gap, corresponding to a penumbral blur of only 0.8 nm. After development, the resist pattern was transferred into the to a depth of 10 nm by CHF 3 reactive ion etching and the remaining resist removed in an O 2 plasma. SEM imaging was done with a beam energy of 20 keV directly on the oxide pattern. SEM charging artefacts are absent with this ultrathin oxide. The mask appears to be perfectly smooth at the nanometer scale. The NPL image in (b) shows very fine ripples (label A), which correspond to a roughness of about 6 nm (peak-to-peak). This rippling, which must be due to slight protrusions on the mask sidewalls, is amplified, point by point, to about 15 nm in the ion image shown in (c). Enhanced roughness is also seen on the lower edge (label B) of the line in the IBL image that can, in some cases, be mapped to roughness in the NPL image. Figure 25 (a) shows a 13 nm wide mask feature and the secondary electron signal along a line across this feature. Linewidth has been defined, somewhat arbitrarily [46] , as the distance between the brightest points in the image. The NPL print in (b), transferred into the SiO 2 as above, has a similar shape, which is particularly noticeable at the sharp corners, and a corresponding linewidth of 15 nm; a pattern fidelity of 2 nm for the 13 nm feature. 
AAL for NPL
Since neutral particles are insensitive to electrostatic deflection, the approach to AAL discussed above for ions cannot be applied to neutrals. One simple, yet effective, approach [47] is to clamp the mask to the substrate, setting the proximity gap with a suitable spacer, and to mechanically incline the mask/substrate stack relative to the beam. The rigid clamping of the mask to the substrate makes the process remarkably insensitive to vibration and thermal drift. In the following experiments, the mask/substrate stack was mounted inside a vacuum chamber which was isolated from the main beamline with a double bellows assembly and supported by a pneumatic vibration isolation table. The entire chamber was then rotated with a mechanically actuated, high precision x-ray goniometer ( figure 26 ) with an angular resolution of about 100 µrad, which, for a 5 µm proximity gap, results in a 0.5 nm step on the wafer. An exposure series was conducted to examine pattern placement accuracy. Figure 27 shows both the simulated and the experimental Morse code pattern CQ, calling all stations, printed by stepping a single ∼30 nm mask feature 28 times on a grid with a nominal pitch of 15.7 nm. The dots were exposed at twice the critical dose. The dashes were formed by five overlapping exposures with doses tailored to produce a uniform linewidth. By measuring the centres of each of the dot/dash features, the pitch of the printed grid was determined as 15.9 ± 0.6 nm, a difference of about 1% from the nominal design value. This ability to accurately predict the stepping distance on the substrate, independent of beam energy is a major advantage of the mechanical nanostepping approach. The experiment, which took 71 min, also demonstrates exceptional open-loop pattern stability over long exposure times. The variations in feature size, shape and pitch may include significant contributions from resist scum or other roughness [48, 49] , shot noise [50] , and metrology errors [51, 52] that are not related to the stepping process itself.
Evidence of the resolution limit of NPL
A stepped exposure sequence was carried out in multiples (1.5, 2.0, 3.0 and 5.0) of the large area critical dose. In this case, the helium atom energy was 30 keV, the PMMA resist thickness was 60 nm, and the proximity gap was 60 µm. [53] . Because of the roughness in the resist image, this data should be considered preliminary. If confirmed, this would imply the ability, given an appropriate mask, to fabricate periodic nanostructure arrays with an order of magnitude higher pattern density than possible by scanning electron-beam lithography, a result with profound implications in patterned media recording [19] . 
Conclusion
We have described an improvement on ion beam proximity lithography that uses energetic neutral particles instead of ions for lithography. The contrast of stencil masks, the sensitivity of resist and the broadening of the beam due to scattering in resist are the same for ions and neutrals of the same mass and energy. The primary difference between the two is the insensitivity of neutrals to ambient electromagnetic fields and to charge build-up on the mask and the substrate. This eliminates pattern displacements due to the earth's magnetic field, the need for a conducting overcoat on insulating substrates, and provides a simple solution to the seemingly intractable problem of LER, mainly seen for large proximity gaps and/or ultra-small features, resulting from minute insulating patches on the mask.
We demonstrated a mechanical approach to shifting the image of a mask opening on the substrate with 1 nm pattern placement accuracy. This enables an approach, AAL, to fabricating high density arrays with complex unit cells through multiple offset exposures of an aperture plate containing a low density array of open stencil windows. Because of the low density, the aperture plate pattern can be written by electronbeam lithography with much lower cost and much higher resolution than would be possible by direct writing of the high density pattern. Mask features as small as 12 nm have been printed by neutral beam lithography and transferred into SiO 2 with 2 nm pattern fidelity. Moreover, preliminary data suggests that the limiting pattern density for neutral beam AAL is 5-10 times higher than for electron-beam lithography. If born out in further studies, neutral beam AAL could, therefore, have a significant impact on the fabrication of nanoimprint moulds, some of which are insulating, for patterned magnetic media, optical metal mesh filters, metamaterials, and many other applications requiring high density, large area periodic structures. We also show that it is simpler for both fundamental and technological reasons to produce a pure neutral beam without ions than a pure ion beam without neutrals. As discussed above, this implies that significantly more complex patterns can be produced by neutral beam AAL than by ions.
